Atrial fibrillation (AF) is the most common cardiac arrhythmia affecting between 2.7 and 6.1 million Americans, [1] [2] [3] and with the aging population, the prevalence of AF is projected to increase to 8 to 12 million by the year 2050. [2] [3] [4] The risk factors for AF have been studied, and several risk prediction tools have been developed to ascertain an individual's risk of developing AF. [5] [6] [7] [8] [9] Patients with AF have an excess risk of hospitalization and death than do patients without AF. [10] [11] [12] [13] [14] [15] [16] Although risk factors for AF, including older age, heart failure, coronary artery disease, and diabetes, are predictors of hospitalization and death in patients with AF, 17, 18 it is not known if the combination of certain comorbidities with the presence of AF imparts a larger-than-expected risk of hospitalization and death. This information on what (if any) comorbidities are associated with a larger risk of hospitalization and death in AF compared with the general population is needed to guide the comprehensive management of patients with AF. Thus, we systematically characterized comorbidities in patients with AF and the general population in a community in Southeast Minnesota. First, we compared the prevalence and duration of 19 comorbid conditions in patients with AF and in population controls. Second, we determined the associations of comorbidities with hospitalization and death, testing whether the impact of specific comorbidities on these outcomes is stronger in AF than in the general population.
Methods

Study population
This study used the Rochester Epidemiology Project (REP), a records-linkage system allowing virtually complete capture of health care in residents of Olmsted County, Minnesota. [19] [20] [21] [22] Olmsted County is relatively isolated from other urban centers, and only a few providers, mainly Mayo Clinic and its 2 affiliated hospitals and Olmsted Medical Center and its branch offices and affiliated hospital, deliver most health care to local residents. Thus, the retrieval of nearly all health carerelated events through the linkage of information from these health care providers captures virtually the entire health care experience of the Olmsted County population. This study was approved by the Mayo Clinic and Olmsted Medical Center institutional review boards.
Study design
This study was carried out using 2 designs. First, we conducted a matched case-control study, with patients with incident AF serving as the cases and patients free of AF selected from the general population serving as controls. Second, we conducted a cohort study by following up patients with AF and their matched controls to compare their outcomes.
Incident AF cases and controls
Incident AF or atrial flutter from 2000 to 2010 among adults aged ≥18 years was identified using International Classification of Diseases, Ninth Revision (ICD-9) codes 427.31 and 427.32 from all providers in the REP and electrocardiograms from Mayo Clinic. As previously described, both inpatient and outpatient encounters were captured and all records were manually reviewed to validate the events. 11 Atrial fibrillation occurring within 30 days of cardiac surgery was excluded; however, when observed, a future episode of AF unrelated to cardiac surgery was considered incident AF. For this study, a random sample of 1,430 of the 3,344 patients with incident AF from 2000 to 2010 was selected. Community controls were matched 1:1 to cases on sex, age (within 5 years), and calendar year of diagnosis.
Ascertainment of comorbidities
For each case and control pair, the case's date of incident AF was used as the index date for the matched pair. Comorbidities were ascertained by electronically retrieving diagnostic codes from inpatient and outpatient encounters at all providers indexed in the REP. We selected comorbidities that were identified by the US Department of Health and Human Services for studying multimorbidity. 23, 24 This list contains 20 comorbidities; however, we excluded autism (n = 0), human immunodeficiency virus (n = 1), and hepatitis (n = 41) because of low prevalence, and cardiac arrhythmias because all cases have AF. In addition, we added anxiety as a potentially important chronic condition that was excluded from the US Department of Health and Human Services list, resulting in 17 chronic conditions. More details about the definition of the chronic conditions are provided in Supplementary Table I. Diagnostic codes  were available from 1975 ; thus, to ensure a consistent look-back period, we pulled all diagnostic codes within the 25 years before index. In an attempt to decrease the risk of false-positive diagnoses, we required 2 occurrences of a code (either the same or 2 different codes within the code set for a given disease) separated by more than 30 days to confirm the diagnosis. The first code date was used as the index date of the comorbidity, and the duration was calculated using a maximum of 25 years of history.
In addition, body mass index (calculated as weight [in kg] divided by height [in m 2 ]) and smoking status were manually abstracted from the medical records at index, resulting in a total of 19 comorbid conditions.
Ascertainment of all-cause mortality and hospitalizations
Hospitalizations for any cause occurring in an Olmsted County hospital were obtained from the REP. All hospitalizations from index date through December 31, 2014 were obtained for the AF cases and controls. The principal discharge diagnosis from the hospitalization was used to categorize the reason for hospitalization as due to cardiovascular causes (ICD-9 codes 390-459) or noncardiovascular causes. Deaths from any cause were obtained through December 31, 2014 from inpatient and outpatient medical records, death certificates from the state of Minnesota, and obituaries and notices of death in the local newspapers.
Statistical analysis
Analyses were performed using SAS, version 9.2 (SAS Institute Inc., Cary, NC). For the case-control study, the prevalence of comorbidities in AF cases vs controls was compared using χ 2 tests. Median duration of the comorbidities before index was compared between AF cases and controls using Wilcoxon rank-sum tests. Conditional logistic regression was used to estimate associations of each comorbidity with AF, unadjusted and after adjustment for all other conditions. Using the multivariable-adjusted model, attributable risks (ARs) for each comorbidity were calculated using the following formula: AR = p e [(OR − 1)/OR], where p e = proportion of cases with the exposure and OR = multivariableadjusted odds ratio. Attributable risks were not calculated for protective factors. Attributable risks were also calculated for reductions in prevalence of combinations of comorbidities assuming a 25% and 50% reduction as well as complete elimination of the comorbidities.
For the cohort study, the mean cumulative function for hospitalizations over follow-up for AF cases and population controls was plotted using a nonparametric estimator. 25 The basis for this function is that each person can be represented by a stepwise curve of cumulative number of hospitalizations over follow-up time until death or last follow-up. The mean cumulative function is the pointwise average of all the individual cumulative hospitalization curves. The Kaplan-Meier (KM) method was used to visualize the cumulative incidence of death over follow-up for AF cases and controls by plotting the 1-KM curves. Andersen-Gill modeling, which allows for modeling of multiple outcome events, was used to estimate hazard ratios (HRs) of hospitalizations for AF cases and population controls in unadjusted models and models adjusting for all other comorbid conditions modeled as time-dependent variables. Cox regression models were used to estimate the associations of each comorbid condition with death. If a control received an ICD-9 code for AF over follow-up (n = 46), they were censored at that time. Interactions between each comorbidity and AF case/control status were tested to determine whether the observed joint effects of a comorbidity and AF were greater than expected. Additive interactions were assessed using the method described by Li and Chambless. 26 Multiplicative interactions were assessed by including a comorbidity * AF case/control status interaction term in the model. Then, for each comorbidity, a 4-level variable was created representing the presence/absence of the comorbidity and the AF case/control status; HRs were calculated using controls without the comorbidity as the referent group. The expected HRs were calculated as HR 10 + HR 01 − 1 for the additive interaction and HR 10 × HR 01 for the multiplicative interaction, where HR 10 represents the HR for those with the comorbidity and no AF compared with those with no comorbidity/no AF and HR 01 represents the HR for those without the comorbidity and AF compared with those with no comorbidity/no AF. The proportional hazards assumption was tested using Schoenfeld residuals and found to be violated during the first year of follow-up. Therefore, the Andersen-Gill and Cox regression analyses were repeated among 1-year survivors.
Results
Risk factors for AF: a case-control study
Among the 1,430 matched pairs (48.6% men), the mean (SD) age was similar in AF cases and controls (73.6 [13.8] and 72.7 [13.5] years, respectively). Hypertension, hyperlipidemia, and arthritis were the most common comorbidities in both cases and controls (Table I) . Of the 17 chronic conditions (excluding obesity and smoking status), AF cases had an average of 5.6 comorbid conditions, whereas controls had 1 fewer condition with an average of 4.5 (P b .001). The prevalence was higher in AF cases compared with controls for most of the comorbidities, with the exception of asthma, dementia, depression, osteoporosis, and schizophrenia, which were similar in cases and controls (Table I, Figure 1, A) .
However, the median duration of conditions was similar in AF cases compared with controls for all conditions except hypertension, which was longer in AF cases (12.3 vs 9.9 years for AF cases and controls, respectively; P = .001; Supplementary Table II) .
After adjusting for all other comorbidities, obesity, hypertension, heart failure, coronary artery disease, chronic kidney disease, and chronic obstructive pulmonary disease remained significantly more common in AF (Figure 1, B) . More than a 3-fold increased odds of developing AF was observed for heart failure (OR 3.1, 95% CI 2.2-4.3), and a nearly 2-fold increase odds of developing AF was observed for coronary artery disease (OR 1.8, 95% CI 1.5-2.3). The comorbidities with the largest AR of AF were hypertension (25.4%), coronary artery disease (17.7%), and heart failure (13.3%; Table II ). For example, Values are presented as n (%). Abbreviation: IQR, interquartile range. ⁎ Obesity is defined as a body mass index ≥30 kg/m 2 at index (using the case's date of incident AF as the index date for the matched pair). assuming a causal relationship, if hypertension were eliminated, 25% of AF would be avoided. If hypertension along with the modifiable health behaviors, obesity, and smoking were all eliminated, 37% of AF would be avoided. Eliminating the 5 risk factors for AF with the largest ARs (hypertension, coronary artery disease, heart failure, obesity, and smoking) would eliminate 51% of AF. However, complete elimination of all risk factors is an aspirational goal. More realistic estimates were thus generated (Table II) . If a 25% reduction in the prevalence Odds ratios (95% CIs) for AF by presence of individual comorbidities in unadjusted models (A) and after adjustment for all other comorbidities (B). OR indicates odds ratio; AR, attributable risk;CHF, congestive heart failure; CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease.
of hypertension, obesity, and smoking were obtained, a 10% reduction in AF would be expected. A 25% reduction in the top 5 risk factors would yield a 17% reduction in AF.
Outcomes in AF: a cohort study
Over a mean (SD) follow-up of 6.3 (3.9) years, 7,174 hospitalizations and 1,292 deaths occurred; of these, 1,557 hospitalizations and 322 deaths occurred within the first year. The rates of hospitalization were 58.8 and 26.4 per 100 person-years in AF cases and controls, respectively. The rates of all-cause death were 10.5 and 4.7 per 100 person-years in AF cases and controls. The cumulative number of hospitalizations and the cumulative incidence of death were higher in AF cases compared with population controls (Figure 2, A and B) . Patients with AF had a higher proportion of hospitalizations due to cardiovascular causes (36% vs 20%) and cardiovascular deaths (42% vs 31%) than did those without AF.
Among AF cases, after adjustment for age, sex, and all other comorbidities, patients with heart failure and chronic kidney disease experienced the highest risk of hospitalization (approximately 70% increased risk); ever smokers, those diagnosed as having substance abuse, and those with coronary artery disease, stroke, cancer, chronic obstructive pulmonary disease, depression, and osteoporosis also had an increased risk of hospitalization (Figure 3, A) . Among 1-year survivors, all conditions listed above, as well as hypertension, were associated with an increased risk of hospitalization. When analyzing death as the outcome, ever smokers, those with substance abuse, and those with heart failure, cancer, chronic kidney disease, dementia, and depression were at an increased risk of death (Figure 3, B) . Among 1-year survivors, ever smokers and those with heart failure, stroke, chronic kidney disease, dementia, and depression were at an increased risk of death.
Additive and multiplicative interactions between AF case/control status and each comorbidity were tested to determine whether the presence of both a comorbidity and AF conferred a higher-than-expected risk of hospitalization or death. Where significant interactions (additive and/or multiplicative) were identified, the HRs for hospitalization (Figure 4, A) and death (Figure 4, B) are provided for combinations of comorbidity and AF case/ control status, with controls without the comorbidity serving as the referent group. For all comorbidities, HRs are presented regardless of whether a significant interaction was observed in Supplementary Tables III-VI. For hospitalizations, significant additive and/or multiplicative interactions were observed for 6 comorbidities: ever smoking, heart failure, coronary artery disease, arthritis, cancer, and dementia (Figure 4, A) . For 5 of the 6 conditions, the highest risk of hospitalization was observed among those with the comorbidity who also had AF. However, this pattern was not observed for dementia. For controls without AF, a higher risk of hospitalization was observed for those with dementia, whereas among AF cases, the risk of hospitalization was similar among those with and without dementia. Of note, the only synergistic effect (where the observed HR was above the expected) was for ever smoking. The observed HR for patients who were both ever smokers and who had AF (vs never smokers without AF) was above the expected additive HR (HR 1.78 [1.56-2.02] observed vs 1.52 expected). After restricting to 1-year survivors, significant interactions remained for 3 of the 6 conditions (arthritis, cancer, and dementia).
For death, significant interactions were observed between AF and ever smoking, arthritis, chronic kidney disease, and dementia (Figure 4, B) . Unexpectedly, arthritis appeared to have an inverse association with death in both AF cases and population controls. An increased risk of death was observed for both AF cases and controls who had dementia, but the relative difference in magnitude between those with and without dementia was greater in controls. Similar to the results for hospitalizations, a synergistic effect was observed where patients who were both ever smokers and who had AF experienced a greater risk of death than expected (HR 2.41 [2.02-2.87] observed vs 1.84 expected additive HR). Among 1-year survivors, the only significant interaction was for dementia.
Discussion
Patients with AF have a higher prevalence of many chronic conditions compared with population controls. However, besides hypertension, comorbidities do not develop earlier in AF. Approximately half of AF is attributed to hypertension, coronary artery disease, heart failure, obesity, and smoking. In addition, patients with AF experience higher rates of hospitalization and death than those without AF. In AF, most comorbidities are associated with an increased risk of hospitalization, with heart failure and chronic kidney disease as the strongest predictors of hospitalization. Fewer comorbidities are predictors of death and include heart failure, chronic kidney disease, dementia, depression, ever-smoking status, substance abuse, and cancer. Finally, patients with AF who were ever smokers experienced higher-than-expected risks of hospitalization and death. Hazard ratios (95% CIs) for hospitalization (A) and death (B) by presence of individual comorbidities in patients with AF, after adjustment for age, sex, and all other comorbidities modeled as time-dependent variables. HR indicates hazard ratio;CHF, congestive heart failure; CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease.
Risk factors for AF: the importance of cardiovascular health
We observed that patients with AF have a higher comorbidity burden, with 1 additional comorbid condition on average compared with community controls. Most conditions were more prevalent in AF cases than in controls, except for some noncardiovascular conditions including asthma, depression, dementia, osteoporosis, Hazard ratios (95% CIs) for hospitalization (A) and death (B) by AF and comorbidity classification for significant additive and/or multiplicative interactions. Hazard ratios are adjusted for age, sex, and all other comorbidities modeled as time-dependent variables and are presented overall and among 1-year survivors.The expected HRs were calculated as follows: expected additive HR = HR 10 + HR 01 − 1. Expected multiplicative HR = HR 10 × HR 01 . HR 10 represents the HR for those with the comorbidity and no AF compared with those with no comorbidity/no AF; HR 01 represents the HR for those without the comorbidity and AF compared with those with no comorbidity/no AF. If the observed HR is above the expected, then a synergistic effect on the risk of the outcome is observed for those with both AF and the comorbidity. Alternatively, an antagonistic effect may be observed where patients with both AF and the comorbidity experience a lower-than-expected risk of the outcome. HR indicates hazard ratio, CHF, congestive heart failure; CAD, coronary artery disease; CKD, chronic kidney disease, AF, atrial fibrillation. and schizophrenia. Despite the higher prevalence of most conditions in patients with AF, hypertension is the only condition that develops earlier in patients with AF compared with controls.
Consistent with previous studies, [27] [28] [29] hypertension was the risk factor with the highest AR of AF. Our study found that coronary artery disease and congestive heart failure also had high ARs for AF, whereas others reported low ARs for these factors with body mass index 27, 29 and smoking 27 contributing more to AF risk. Huxley et al 27 assessed optimal, borderline, and elevated levels of 5 selected AF risk factors-blood pressure, body mass index, diabetes mellitus, cigarette smoking, and prior cardiac disease (which included heart failure or coronary heart disease). They reported that having 1 or more elevated risk factor(s) explained 50% of AF (in other words, if all of the 5 risk factors were optimal/borderline, 50% of AF cases would be avoided). 27 Although we used slightly different definitions of risk factors, our study similarly reported that 51% of AF would be avoided if our top 5 risk factors-hypertension, coronary artery disease, heart failure, obesity, and smoking-were eliminated in the population.
Attributable risks reflect the amount of a disease that would be avoided if the risk factor were entirely eliminated from the population. However, eliminating all hypertension, all heart failure, or all of the top 5 AF risk factors in the population, for example, is not feasible. Thus, for our study, we also calculated the ARs in relation to a 25% or 50% reduction in risk factors, which is a more realistic goal. If a 25% reduction in the prevalence of 3 modifiable risk factors-hypertension, obesity, and smoking-were obtained, our estimates indicated that we could expect a 10% reduction in AF; if a 25% reduction in prevalence were obtained for these 3 risk factors, plus coronary artery disease and heart failure, a 17% reduction in AF would be expected. Although these estimates are less impressive than those reported for complete elimination of risk factors, it is important to underscore the low prevalence (b1%) of ideal cardiovascular health in the population 30 and the putative impact of improving cardiovascular health on reducing cardiovascular disease. Indeed, with nearly 6 million Americans currently affected by AF and upward of 12 million Americans expected to have AF by the year 2050, [2] [3] [4] small reductions in risk factors would have a large absolute benefit in reducing new-onset AF in the population. Hence, reaching the 2020 American Heart Association Impact Goals, "to improve the cardiovascular health of all Americans by 20% while reducing deaths from cardiovascular diseases and stroke by 20%" 31 would clearly favorably impact the occurrence of AF.
Multimorbidity and outcomes in AF
Patients with AF experienced higher rates of hospitalization and death than did community controls, which corroborates prior results. [10] [11] [12] [13] [14] [15] [16] Patients with AF had a higher proportion of hospitalizations and deaths due to cardiovascular causes than did those without AF, although a minority of hospitalizations and deaths in patients with AF were due to cardiovascular causes, which is consistent with previous findings from the ARIC study 10 and among patients with AF 65 years and older in the MarketScan database. 32 Interestingly, our rates of death due to cardiovascular diseases are higher than those previously reported in the MarketScan database 32 (42% vs 32%), although these differences may be due to the capture of only inpatient deaths in the MarketScan database, whereas our study also captured out-of-hospital deaths.
In AF, most comorbidities predict hospitalization, with an approximately 70% increased risk for those with heart failure and chronic kidney disease. Heart failure is a common comorbid condition among patients with AF and increases the risk of all-cause 1 7 , 1 8 and cardiovascular-related 15, 17, 33 hospitalization in patients with AF. In addition to heart failure, myocardial infarction and chronic obstructive pulmonary disease were the strongest predictors of cardiovascular-related hospitalization in the MarketScan and Geisinger Health Systems databases. 15 Although these comorbidities were associated with an increased risk of all-cause hospitalization in our study, the associations were weaker than those observed for heart failure. We found that patients with chronic kidney disease experienced a similar increased risk of hospitalization as patients with heart failure. However, previous studies have not assessed the impact of chronic kidney disease on hospitalizations in AF. For death, we observed an approximately 50% increased risk for those with heart failure, chronic kidney disease, dementia, depression, and ever-smoking status. Heart failure, myocardial infarction, and chronic obstructive pulmonary disease were the strongest predictors of death in the Geisinger Health systems database, 15 but coronary artery disease and chronic obstructive pulmonary disease were not associated with death in our analyses after adjustment for all other comorbidities. Notably, obesity was not a risk factor for either hospitalization or death in patients with AF, a finding somewhat at odds with the LEGACY study, which showed that long-term sustained weight loss is associated with a reduction in AF burden and maintenance of sinus rhythm. 34 Finally, our report delineates, to our knowledge for the first time, the combined joint effects of comorbidities with AF on outcomes. Ever smoking was the only comorbidity where combined with AF resulted in a greater-than-expected risk of hospitalization and death, assuming additivity of effects. However, we did not adjust our interaction results for multiple comparisons; thus, our findings should be interpreted cautiously and additional studies should be conducted to determine whether similar associations are found in other populations. Nevertheless, given that smoking is a modifiable risk factor, invigorated efforts for smoking prevention and cessation are needed.
Limitations and strengths
We acknowledge some limitations. First, because AF can be asymptomatic, it is possible that some controls may have had misdiagnosed AF. Second, there may have been some misclassification of the comorbidities because of perpetuation of codes after an error; however, it is unlikely that differences in the misclassification would have been observed between AF cases and controls. Third, we did not have information on severity of comorbidities. Fourth, we did not adjust our results for multiple comparisons; thus, future studies may be warranted to confirm our results. Fifth, we may have missed some hospitalizations and deaths that occurred outside of Minnesota. Finally, our results may not be generalizable to all populations; however, the Olmsted County population is representative of the state of Minnesota and the Midwest region of the US. 20 Despite these limitations, our data represent the experience of a community; the incorporation of data from multiple providers in Olmsted County, through the REP records-linkage system, allows nearly complete capture of patients' medical history. In addition, we captured all hospitalizations occurring over a long follow-up and did not restrict to the first hospitalization or to hospitalizations only for AF or cardiovascular causes, which is particularly important given that we and others 10, 32 have observed that most hospitalizations in AF are due to noncardiovascular causes.
Conclusion
Patients with AF have a higher prevalence of many comorbidities compared with those without AF. Hypertension, coronary artery disease, heart failure, obesity, and smoking are the conditions with the largest AR of AF, explaining approximately half of AF. Patients with AF also experience higher rates of hospitalization and death. However, despite the greater comorbidity burden in AF, the impact of comorbidities on hospitalization and death is generally not greater in patients with AF compared with population controls, with the exception of smoking. Patients with AF who were ever smokers experienced higher-than-expected risks of hospitalization and death. The management of comorbidities in patients with AF, particularly modifiable risk factors, may improve outcomes in these patients.
